Continuous stimulation of the endometrium by estrogen is a risk factor for the tumorigenesis of estrogen receptor (ER) α-positive EEC. has been reported to be implicated in the regulation of various types of cancer and directly targets ERα. However, an exact regulatory mechanism between miR-22 and ERα in EEC has yet to be investigated. To the best of our knowledge, the present study demonstrated for the first time that the expression of miR-22 was significantly downregulated in ERα-positive EEC tissues and cell lines, RL95-2 and Ishikawa, when compared with that in normal endometrium and ERα-negative EEC samples. This indicated that miR-22 may be important in ERα-positive EEC, possibly through an estrogen-dependent mechanism. miR-22 mimics were then transfected into RL95-2 and Ishikawa cells, respectively, and revealed that the introduction of miR-22 markedly downregulated the mRNA and protein levels of ERα. Further investigation demonstrated that miR-22 was able to effectively reverse 17β-estradiol (E2)-induced cell proliferation, cell cycle progression and invasion of ERα-positive RL95-2 and Ishikawa cells, at least partially through inhibiting the expression of Cyclin D1 as well as the secretion of matrix metalloproteinase (MMP)-2 and MMP-9. In conclusion, the present study, to the best of our knowledge, was the first to reveal an inhibitory role of miR-22 in ERα-positive EEC tissues and cells, indicating that miR-22 may be a novel candidate for the endocrine therapy of ERα-positive EEC.
Introduction
Endometrial carcinomas (ECs) include several types of cancer that arise from the endometrium, or lining, of the uterus (1) . Endometrial endometrioid carcinomas (EECs) account for >80% of ECs (2) . From a clinical point of view, EECs are the defining example of type I ECs, which often coexist with endometrial hyperplasia (3) . In recent decades, the incidence rate of EEC has increased. Furthermore, the age of EEC onset has decreased due to obesity-induced endocrine disturbance (4) . Thus, endocrine therapy is often applied, although mainly for the treatment of patients with EEC at terminal or recurrent stages (5) .
Estrogen receptor (ER) α, a key mediator of the action of estrogen, is often assessed in order to aid prognosis or the development of a treatment strategy for ECs (6) . It has been demonstrated that the continuous stimulation of the endometrium by estrogen is a risk factor for the tumorigenesis of EEC, the majority of which are ERα-positive (7) . Thus, ERα is a promising therapeutic target for endocrine-based treatment of EEC (8) . However, the exact regulatory role of ERα in EEC remains to be fully elucidated.
MicroRNAs (miRNAs) are a type of endogenous non-coding RNA, which are able to bind to the 3' untranslated region (UTR) of their target mRNAs causing mRNA degradation or translational repression (9) . It is well-established that miRNAs are essential in the regulation of tumorigenesis and progression (10) . However, despite increasing studies focusing on miRNA profiles in ECs (11, 12) , few have attempted to reveal an exact regulatory association between certain miRNAs and ERα in EEC.
miR-22 has been suggested to be involved in the regulation of various types of cancer, including gastric, non-small cell lung, EEC, colon, cervical, hepatocellular and breast cancer (13) (14) (15) (16) (17) (18) . Notably, miR-22 has been demonstrated to directly target the 3' UTR of ERα mRNA (19) . Thus, the present study hypothesized that miR-22 may have an effect on the expression of ERα in certain types of cancer, including EEC. In order to test this hypothesis, the present study for the first time, to the best of our knowledge, investigated the expression of ERα and miR-22 in EEC and normal endometrium. The present study also investigated the regulamiR-22 inhibits proliferation and invasion in estrogen receptor α-positive endometrial endometrioid carcinomas cells tory effects of ERα and miR-22 on EEC cell proliferation, cell cycle progression and invasion in vitro, as well as the underlying molecular mechanisms, which may aid the development of endocrine-based therapies for EEC. . Following washing with PBS three times (each for 5 min), the membranes were incubated with rabbit anti-mouse secondary antibody (1:20,000) for 1 h at room temperature. Then, the enhanced chemiluminescence kit (Huyu Group, Co., Shanghai, China) was used to detect the immune complexes. Following that, the membranes were scanned for the relative value of protein expression in gray scale using Image-Pro plus software 6.0 (Media Cybernetics, Inc., Rockville, MD, USA). The relative expression levels of protein were presented as the density ratio versus GAPDH.
Materials and methods

Reagents
Transfection. Cells were cultured to 70-80% confluence and then resuspended in serum-free H-DMEM at a concentration of 100,000 cells/ml. Six-well plates were used to inoculate with 2 ml suspension for each well and each group set five duplicate wells. miR-22 mimics (chemically synthesized mature microRNAs) or NC mimics (Thermo Fisher Scientific) of 50 pmol were diluted with 0.25 ml serum-free H-DMEM. Lipofectamine 2000 transfection reagent (50 µl) was diluted with 2.5 ml serum-free H-DMEM. Then, the diluted Lipofectamine 2000 transfection reagent was added to the mimics dilution, mixed gently and incubated for 20 min at room temperature. The cell suspension was washed with serum-free H-DMEM two times and then added to the mixture of Lipofectamine 2000 and the mimics above, and then incubated at 37˚C and 5% CO 2 for 6 h. Following that, the medium in each well was replaced with the normal serum-containing medium and cultured for 24 h prior to the following experiments.
Cell proliferation assay. For all groups, 10,000 cells per well were seeded in a 96-well plate. Following treatment with 10 nM of E2, the plates were incubated for 12, 24, 36 or 48 h at 37˚C and 5% CO 2 . To assess cell proliferation, an MTT assay was performed according to the manufacturer's instructions. MTT reagent (50 µl; 5 mg/ml) in PBS was added to each well and incubated for 4 h at 37˚C and 5% CO 2 . Then, the supernatant was removed and 150 µl of dimethylsulfoxide was added. Cell invasion assay. The cell invasion assay was performed in a 24-well transwell chamber, which was pre-coated with 100 µg Matrigel ® . Cells in each group were collected and resuspended in serum-free H-DMEM at a concentration of 10,000 cells/ml, respectively. Then, 0.2 ml cell suspension was added into the upper chamber, and the bottom chamber was filled with 0.5 ml H-DMEM containing 10% FBS. Following incubation for 24 h at 37˚C and 5% CO 2 , a cotton bud was used to remove the cells which had not migrated through the polycarbonate membrane. Then, the cells which had moved through the polycarbonate membrane and adhered to the bottom of it were stained with trypan blue for 15 min, then images were captured (Microscope: CX21BIM-SET5; Olympus, Tokyo, Japan; Camera: DP25; Olympus) and cells were counted.
ELISA. Cell supernatants in each group were used to determine the secretion of MMP-2 and MMP-9 using ELISA. An MMP-2 and MMP-9 ELISA kit were used and the concentrations of MMP-2 and MMP-9 were calculated according to manufacturer's instructions. Optical density (OD) values were determined using a microplate reader (PR 3100 TSC; Bio-Rad).
Statistical analysis. Statistical analysis was performed using SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA). Data are expressed as the mean ± standard deviation. The data were analyzed by one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression of miR-22 is reduced in ERα-positive EEC tissues
and two ERα-positive EEC cell lines. Firstly, the miR-22 expression in ERα-positive and ERα-negative human EEC samples as well as normal endometrium tissues were determined, respectively. As shown in Fig. 1A , miR-22 levels were significantly lower in the ERα-positive ECC tissues as compared with those in normal endometrium and ERα-negative EEC tissues. The miR-22 expression levels were then examined in the ERα-positive ECC lines, RL95-2 and Ishikawa. Consistent with the findings above, miR-22 expression was significantly decreased in RL95-2 and Ishikawa cells compared with that in normal endometrium tissues and ERα-negative EEC tissues (Fig. 1B) . These findings suggested that miR-22 may be important in ERα-positive EEC.
miR-22 has an inhibitory effect on ERα expression in RL95-2 and Ishikawa cells.
Since ERα has been demonstrated to be a target of miR-22, RL95-2 and Ishikawa cells were further transfected with miR-22 mimics, in order to study the association between miR-22 and ERα in EEC. As shown in Fig. 2A , following transfection with the miR-22 mimics, the expression levels of miR-22 were significantly increased; however, in the control and NC groups, the levels of miR-22 were not affected, suggesting that the introduction of miR-22 into RL95-2 and Ishikawa cells was successful. The mRNA and protein expression of ERα was determined and it was revealed that following transfection of RL95-2 and Ishikawa cells with miR-22 mimics, the mRNA and protein expression levels of ERα were markedly decreased compared with those in the control and the NC groups (Fig. 2B) . These findings suggested that miR-22 had an inhibitory effect on the regulation of ERα expression in ERα-positive EEC cell lines.
miR-22 inhibits E2-induced cellular proliferation of RL95-2 and Ishikawa cells.
Since RL95-2 and Ishikawa cells have been demonstrated to be ER-dependent, E2 was used to stimulate ER-dependent cellular proliferation. As shown in Fig. 3 , the cellular proliferation of RL95-2 and Ishikawa cells was significantly increased under the treatment of E2 in a time-dependent manner. However, following the introduction of miR-22 mimics, the proliferative rate of RL95-2 and Ishikawa cells was markedly decreased as compared with that in the E2 group. These findings suggested that miR-22 inhibited E2-induced proliferation of ERα-positive RL95-2 and Ishikawa cells, at least partially via suppressing ERα expression. 
miR-22 inhibited E2-induced cell cycle progression in RL95-2 and Ishikawa cells.
Since ER-mediated signaling has been demonstrated to be involved in the regulation of cell cycle progression, the role of miR-22 on the regulation of E2-induced cell cycle progression was further investigated in RL95-2 and Ishikawa cells. As demonstrated in Fig. 4A , E2 significantly promoted cell cycle progression, which was demonstrated by a decrease of cells in G1 phase. However, following the introduction of miR-22 into these cells, the proportion of cells in G1 phase was significantly increased, while the proportion of cells in S phase was decreased, indicating that miR-22 arrested RL95-2 and Ishikawa cells at the G1/S checkpoint and delayed cell cycle entry into S phase.
Cyclin D1 may be a downstream gene of ER-mediated signaling.
Notably, cyclin D1 is important in the regulation of the G1/S checkpoint. The aberrant upregulation of cyclin D1 is able to shorten G1 phase and promote cell cycle progression. By contrast, its downregulation may result in a delay of cell cycle progression into S phase. Thus, the mRNA levels of cyclin D1 in each group were examined. As shown in Fig. 4B , E2 significantly upregulated the expression of cyclin D1 in RL95-2 and Ishikawa cells, while the introduction of miR-22 significantly suppressed its expression.
In summary, the findings suggested that miR-22 had an inhibitory effect on E2-stimulated cell cycle progression, at least in part through inducing cyclin D1-mediated cell cycle arrest.
miR-22 inhibits E2-induced cellular invasion of RL95-2 and
Ishikawa cells. It has been reported that ER-dependent signaling is important in the regulation of invasion of ER-dependent EEC cells. Thus, transwell chambers precoated with Matrigel were used to study the effect of miR-22 on the invasion ability of ERα-positive RL95-2 and Ishikawa cells. As shown in Fig. 5A , E2 significantly promoted the invasion of RL95-2 and Ishikawa cells, which was effectively reversed by the introduction of miR-22. However, non-specific miRNA had no effect. These findings indicated that miR-22 inhibited E2-induced invasion of ERα-positive RL95-2 and Ishikawa cells, possibly via reducing ERα expression.
Further study was performed to examine the molecular mechanisms involved in the miR-22-induced inhibition of ER-dependent invasion of RL95-2 and Ishikawa cells. Since ER-dependent signaling has been demonstrated to regulate the mRNA and protein expression of MMP-2 and MMP-9 (20), which are key enzymes participating in cellular invasion (21) , it was investigated whether miR-22 was able to inhibit E2-induced MMP-2 and MMP-9 secretion in RL95-2 and Ishikawa cells. ELISA data demonstrated that the MMP-2 and MMP-9 protein levels were significantly increased by E2. However, overexpression of miR-22 caused a significant reduction in MMP-2 and MMP-9 secretion (Fig. 5B) . These findings suggested that miR-22 inhibited the secretion of MMP-2 and MMP-9 in ERα-positive RL95-2 and Ishikawa cells.
Discussion
The present study for the first time, to the best of our knowledge, demonstrated that the expression of miR-22 was significantly decreased in ERα-positive EEC tissues, as well as in RL95-2 and Ishikawa cell lines, when compared with that in ERα-negative EEC tissues and normal endometrium. 
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Furthermore, the present study also demonstrated that miR-22 was able to effectively reverse E2-induced proliferation, cell cycle progression and invasion in ERα-positive RL95-2 and Ishikawa cells, at least partially through inhibiting the expression of ERα.
Estrogens, including steroid hormone E2, are important in the regulation of various physiological and pathological processes, including development, growth, differentiation and tumorigenesis (22) . Furthermore, the coexistence of obesity, diabetes and hypertension is known as the triad of ECs (23) . Excessive amounts of fat may increase estrogen storage and promote plasma androstenedione into estrone, which are underlying carcinogenic factors for ECs (24) . In fact, these biological effects of estrogens are regulated by ER and the majority of EEC tissues are ERα-positive (7). Knapp et al (25) reported that EEC demonstrated a higher expression of ER compared with healthy mucosa, suggesting that ER may be involved in the development and progression of EEC.
Recently, accumulating studies have reported that the expression levels of numerous miRNAs are deregulated in various types of cancer. These increases or decreases in miRNA expression suggest their crucial roles in cancer. In fact, the altered expression of certain miRNAs has been demonstrated to be involved in tumorigenesis and progression (11, 15) . Since miR-22 has been revealed to target ERα (19) , it was hypothesized that miR-22 may participate in the regulation of estrogen-dependent EEC. The present study preliminarily tested this hypothesis by demonstrating that in ERα-positive EEC tissues and cells, the miR-22 expression was significantly reduced.
Furthermore, the underlying regulatory mechanisms were also investigated. Cyclin D1 is an important protein participating in the regulation of the G1/S phase checkpoint (26) . Furthermore, cyclin D1 is a downstream gene of ER-mediated signaling (27, 28) . Previously, Chen et al (29) demonstrated that miR-206, which also negatively regulates ERα, was able to suppress the expression of cyclin D1 in EEC cells, and induced cell cycle arrest, indicating that similar molecular mechanisms The present study revealed that miR-22 also downregulated the secretion of MMP-2 and MMP-9 induced by E2 in ERα-positive EEC cells. As is well established, MMP-2 and MMP-9 are two proteases secreted by cancer cells as well as microenvironmental cells, which are crucial in the promotion of invasion and metastasis through complete extracellular matrix breakdown (21) . Merlo et al (20) demonstrated that E2 was able to induce the mRNA and protein expression of MMP-2 and MMP-9, as well as the levels of the active forms of the two enzymes released in the medium. Furthermore, several studies have also reported that MMP-2 and MMP-9 are involved in the cell invasion of ERα-positive EEC cells (30,31) . Thus, miR-22 was suggested to suppress E2-stimulated cell invasion by inhibiting the secretion of MMP-2 and MMP-9, the expression of which are regulated by estrogen-mediated mechanisms.
In conclusion, the present study demonstrated a tumor suppressive effect of miR-22 in the most common ERα-positive EEC. Notably, as endocrine therapy demonstrates promise for the treatment of EEC, the present study suggested that miR-22 may be a novel candidate for the endocrine therapy of ERα-positive EEC. 
